We study translocation dynamics of a semi-flexible polymer chain through a nanoscopic pore in two dimensions (2D) using Langevin dynamics simulation in presence of an external bias F inside the pore. For chain length N and stiffness parameter κ b considered in this paper we observe that the MFPT τ increases as
I. INTRODUCTION
The phenomenon of polymer translocation (PT) [1, 2] through narrow channels and pores continues to be an active field of research for more than a decade. PT is of particular interest in the context of biopolymers as translocation is an important ubiquitous process in molecular biology. Translocation of DNA and RNA across nuclear pores, protein transport through membrane channels, and virus injection are examples of such processes [3] . Naturally, a microscopic and fundamental understanding of PT processes in living organisms is essential in health related issues. Understanding PT is also immensely important for making fast, efficient, and low cost single molecule analyses devices. In a series of pioneering experiments using single stranded as well as double stranded DNA translocating through α-hemolysin protein pore and synthetic nanopores [4] [5] [6] [7] , where the histogram of the mean first passage time (MFPT) was obtained by measuring the fluctuation in the channel current, it was demonstrated that a nanopore can be used to determine sequences of a heteropolymer. Recently "nano-pore" based techniques have been commercialized and are being used to detect sequences [8] . Significant advancement has been made to fabricate uniformly sized nanopores and nanopore arrays for fast parallel high throughput DNA analysis [9, 10] .
These exciting experiments have provided enough enthusiasm to develop a proper theoretical framework for polymer translocation through a nanopore. Sung and Park [11] and Muthukumar [12] considered translocation * aniket@physics.ucf.edu as a one dimensional barrier crossing problem and derived expression for the translocation exponent α ( τ ∼ N α ) using a free energy expression for a polymer threaded through the pore (Fig. 1) . These initial predictions were followed by many others [13] - [23] using back of the envelope estimates and dynamical scaling arguments [14, 15] , analyzing folds of the chains [16] , incorporation of memory effects [17] [18] [19] , mass and energy conservations [20] - [21] , and tension propagation(TP) along the chain backbone [20] . The TP theory captures the true nonequlibrium aspects for the case of driven translocation. The original theory, which was introduced for an infinite chain has been further refined by Ikonen et al. [22] [23] [24] and Dubbeldam et al. [25] to study the TP in a finite chain. Ikonen et al. extended the TP theory to a Brownian dynamics scheme (BDTP) and emphasized the role of nonnegligible pore friction for finite chains which introduces correction to scaling in the translocation exponent [24] . BDTP theory explains scattered values of the transloca-tion exponent α and provides a unifying picture of driven translocation using the TP idea. These experimental and theoretical developments have been supplemented by a large number of simulation studies which played crucial role in the theoretical developments in the field [22] - [45] . Along with simulation studies of coarse-grained model ab initio and atomic resolution Brownian dynamics have been carried out to predict the DNA sequence dependence on ion current [46] . Almost all of the aforementioned theoretical and simulation studies have been addressed in the context of a fully flexible chain. However, in order to capture some realistic aspects of a translocating of a DNA through a nanopore one needs to consider the chain stiffness. The purpose of this paper is twofold. First to extend the simulation studies of polymer translocation for a semiflexible chain. Secondly, use the simulation results to validate some aspects of the tension propagation phenomenon which has been very useful to explain apparent discrepancies of the simulation studies for finite chains. We find that many aspects of the TP picture, which has been developed for a fully flexible chain remain valid for semi-flexible chains as well. By monitoring the dynamics of the monomers as a function of the the chain length, chain stiffness, and the driving force, we have been able to obtain a complete picture of the translocation process. One of the salient aspects of this study is that our simulation results provide direct demonstration of the TP along the chain backbone and by comparing the tension propagation time t tp obtained (i) from the time dependence of the last monomer and (ii) from the peak position of the residence time W (s) of the translocation (s) coordinate our studies validate the theoretical prediction of time dependent drag on the translocating chain.
II. THE MODEL
We have used a bead spring model of a polymer chain with excluded volume, spring and bending potentials as follows [49] . The excluded volume interaction between any two monomers is given by short range Lennard-Jones (LJ) potential.
Here, σ is the effective diameter of a monomer, and ǫ is the strength of the potential. The connectivity between neighboring monomers is modeled as a Finite Extension Nonlinear Elastic (FENE) spring with
where r is the distance between consecutive monomers, k is the spring constant and R 0 is the maximum allowed separation between connected monomers [49] . The chain stiffness is introduced by adding an angle dependent interaction between successive bonds as ( Fig. 2 )
Here θ i is the angle between the bond vectors b i−1 = r i − r i−1 and b i = r i+1 − r i , respectively, as shown in Fig. 2 . The strength of the interaction is characterized by the bending rigidity κ b .
FIG . 2 . Bead-spring model of a polymer chain with bending angle θi subtended by the vectors bi = ri − ri−1 and bi+1 = ri+1 − ri.
The purely repulsive wall consists of one monolayer(line) of immobile LJ particles of diameter σ along the y-axis at x = 0. The pore is created by removing two particles at the center (Fig. 3) . Inside the pore, the polymer beads experience a constant force F and a repulsive potential from the inside wall of the pore. We 
Here ζ is the monomer friction coefficient and η i (t), is a Gaussian white noise with zero mean at a temperature T, and satisfies the fluctuation-dissipation relation:
The reduced units of length, time and temperature are chosen to be σ, σ m ǫ , and ǫ/k B respectively. For the spring potential we have chosen k = 30 and R 0 = 1.5σ, the friction coefficient η = 0.7, the temperature is kept at 1.2/k B , and U ext = −F x is an external potential which produces a constant force F inside the pore. The value of this external bias is kept at F σ/ǫ = 5.0 throughout the simulation. The choice of the FENE potential along with the LJ interaction parameters ensures that the average bond-length in the bulk b l = 0.971. With the choice of these parameters probability of chain crossing is very low. These parameters have been chosen to be the same as in our recent studies [22, 23, 27, 28] of polymer translocation of flexible chains for ready comparison of results. We also find that the average bond-length b l is almost independent of the range of chain stiffness parameter (κ b = 0 − 32) used in our simulation. The equation of motion is integrated with the reduced time step ∆t = 0.01 following the algorithm proposed by van Gunsteren and Berendsen [54] .
III. SIMULATION RESULTS
We have studied 5 different chain lengths N =16, 32, 64, 128. and 256 for several different values of the bending constant κ b = 0 − 32. However, for clarity we present only a limited set of data. First we equilibrated the polymer chain by placing the first monomer at the center of the pore. We then allow the polymer to translocate driven by the bias present uniformly inside the pore. For the translocation related properties we have taken statistics from at least 2000-5000 independent runs, as needed to obtain good statistics.
A. Mean first passage time τ and its distribution
We first studied how the MFPT varies with the chain stiffness leaving everything else the same. We find that the MFPT monotonically increases with the chain stiffness as shown in Fig. 4 (a). Here we provide a plausible physical argument for this increase in MFPT combining TP idea with the Kantor and Kardar estimate of MFPT [15] which is given by
where R G and v CM correspond to the average root mean square radius of gyration and the average velocity of the center of mass of the chain respectively. According to Eqn. 6 the MFPT τ will increase provided R g increases and v CM either decreases, or stays constant.
In Fig. 4 (b) and Fig. 4 (c) we show how these two quantities vary as the stiffness is increased. One expects R g (and therefore, the average root mean square end-to-end distance R N ) to increase for a stiffer chain which is the exactly the case. We also observe that v CM decreases as a function of the chain stiffness. The decrease in v CM for a stiffer chain can be explained using TP idea which is discussed in detail in section III-D. In short, this happens due to increase in the relative fraction of monomers at an earlier time on the cis side responding to the bias at the pore which increases the viscous drag on the chain at the cis side [22] [23] [24] . In section III-D we will resume this discussion and show how the average velocity of the individual monomers inside the pore decreases for a stiffer chain. We further observe by monitoring the time dependence of the s-coordinate (not shown here) that for a stiffer chain a given monomer oscillates back and forth between the cis and trans side more often before making a final exit to the trans side. This is reflected in histogram of the MFPT shown in Fig. 5 which becomes broader with the peak position being shifted at a higher value. This can be understood by noting that compared to a fully flexible chain the entropic barrier term is reduced by the corresponding chain persistence length l p for a stiffer chain. For a fully flexible chain of length N with n segments at the cis side the entropic barrier is given by
which implies that the change in entropy for n → n + ∆n is ∆S = k B ∆n ln n N −n , where ∆n represents the change in the number of monomer due to translocation from cis to the trans side. For simplicity if we consider this around n ∼ N/2, then the corresponding change in free energy ∆F = k B T ∆n. Therefore, for ∆n = ±1 corresponds to ∆F = ±k B T . This energy corresponds to roughly 20% of the energy due to the driving force. Now when the chain becomes stiffer ∆n → ∆n/l p and this free energy decreases and the entropic penalty for moving back and forth becomes less which increases the MFPT.
We have found (not shown here) that the persistence length l p for the range of κ b used here satisfies the relation l P = 2
, where θ is the equilibrium average bond angle (see fig. 2 ) which holds strictly for a worm like chain (WLC) [51] . The extension of Flory theory for a semi-flexible chain has been done by Schaefer, Joanny, and Pincus [52] and by Nakanishi [53] which states that the end-to-end distance exhibits the following scaling relation Fig. 6(b) as expected from Eqn. 8. Since the variation of the velocity of the center of mass is small compared to the variation of chain extension (Fig. 4(c) ) as a function of κ b this is reflected in the log-log plot of τ as a function of κ b which satisfies a simple power law (Fig. 6(c) ). This can be explained as follows. Using Eqns. 6 and 8 in 2D we can write
where the weak dependence of v CM (κ b ) on chain persistence length (and possible weak chain length dependence) is accommodated in δ. Since κ b = 2l p /k B T , therefore a log-log plot of Eqn. 9 exhibits a slope 0.25 + δ as in Fig. 6(c) .
B. Dynamics of the last monomer
In order to study the effect of the chain stiffness on translocation and to relate our results with the re-cent non-equilibrium tension propagation (TP) theories [20, 22, 23] , we have monitored the dynamics of the last monomer. Recall that in case of a driven translocation, the first monomer of the chain is initially inside the pore at time t = 0. As it is allowed to move driven by the bias inside the pore, a disturbance (TP) starts propagating at the cis side. One can associate a characteristic time when this disturbance reaches the last monomer. This is called the TP time t tp . We will see that along with the MFPT τ and its histogram several aspects of polymer translocation can be explained using t tp .
A direct way to calculate t tp is to monitor the motion of the last monomer. In Fig. 7(a) we have shown x N (t) as a function of t/ τ where x N is the perpendicular distance of the N − th monomer from the wall (see Fig. 3 ). As expected, the average location of x N (t) stays more or less constant until t ≈ t tp and then starts decreasing when the last monomer starts moving towards the pore. This time delay to respond to the driving force can be used to define the tension propagation time t tp . We have determined t tp from the peak position of the 2nd derivative of x N (t) as shown in Fig. 7(b) for several values of the bending constant κ b . By repeating this exercise we have determined the t tp directly from the time dependence of the last monomer. However, to calculate t tp from x N (t) requires much more statistics than what is needed to determine τ . We can also determine t tp from the residence time of the individual monomers using the ideas of the tension propagation theory, as discussed in the next two sections at albeit less computational cost. We have checked that the t tp calculated by these two methods agrees very well providing direct validation of the tension propagation picture of polymer translocation through nanopore [22, 23] . considering separately as shown in Fig. 8 . For a fully flexible chain the position of the peak shifts at a higher s-value for longer chain; for a given chain length N this peak shifts towards a lower s-value for a stiffer chain as shown in Fig. 8 . For κ b = 0 the position of the peak in general will depend on the ratio t tp / τ , as will be discussed in the next section. The noteworthy point from all these figures for the waiting time distribution is the fact that W (s) is non-monotonic in s reaching maximum for somes (N, κ b ) . This characteristic implies a time dependent friction on the monomer for a finite chain length N as discussed below using TP picture. 
D. Connection with the TP theory
We now relate this t tp obtained directly from the x N (t) with the peak position of the waiting time distribution of the individual monomers. According to the recent Brownian dynamics tension propagation (BDTP) theory proposed by us [22, 23] this peak corresponds to the tension propagation time t tp . We will provide a brief physically appealing argument here. The details can be found in references [22, 23] . Let's denotes so that W max (s) = W (s). Physically a peak in W (s) implies that the monomers spends maximum amount of time inside the pore compared to the rest of the monomers. We will provide arguments below and show explicitly (Fig. 10 ) that this corresponds to maximum drag force experienced by the monomers using tension propagation picture.
The key idea of the TP theory is to divide the cis side subchain into two distinct (near and far) domains where the distances are measured from the pore. The monomers in the (near) domain closer to the pore move towards the pore being dragged by the external force. The far domain consists of immobile (on an average) monomers yet to respond to the driving force. For a finite chain of length N the total time dependent viscous drag experienced by the monomers inside the pore Γ(t) = γ cis (t) + γ pore . Since the external bias is constant, assuming a force balance [6] this implies a time dependentṽ(t) = F/Γ(t). The time dependent viscous drag Γ(t) inside the pore becomes maximum when maximum number of monomers at the cis side participate in the translocation process. This happens precisely at t = t tp when the tension front reaches the last monomer. For t > t tp the number of monomers start decreasing at the cis side as they translocate to the trans side and the viscous drag decreases. This explains the shape of the waiting time distribution of figs. 8 and 9. We have further looked into this aspect of time dependent friction by monitoring the components of velocity and force along the direction of translocation as shown in Fig. 10 . The ratio Γ(s) = f x (s)/v x (s) is the friction experienced by the monomer inside the pore s exhibits a maximum and has the same qualitative feature (Fig. 10(c) ) as that of W (s) confirming the friction becomes maximum at the tension propagation time t tp . Therefore, in order to test the TP theory we have also measured t tp from position of W max using eqn. 11
(which is a direct consequence of the TP theory) as follows. (i) First, we have used the plots of W (s) as a function of s to identifys which corresponds to the maximum of W (s) (W max = W (s)); (ii) then we have used the simulation data for τ (s) (Fig. 11 below) to obtain τ (s) . During the simulation τ (s) was recorded as each monomer arrived at the pore. In Table- I we show the t tp calculated both by the direct method from x N (t) ∼ t and from the wait time distribution using Eqn. 11. The excellent agreement of the t tp obtained by two different methods clearly establishes the validity of the nonequlib- larger chain length N the ratio t tp / τ becomes almost independent of the chain length and decreases with chain stiffness as expected. Finally we would like to discuss how the tension propagation time varies as a function of the external bias. It is expected that the t tp will decrease for larger bias. In 
IV. SUMMARY & DISCUSSION
To summarize, we have extended the study of polymer translocation through a nanopore for a semi-flexible chain and studied how chain flexibility affects various FIG. 14. xN (t) as a function of t for different values of external bias. The inset (a) and (b) show the corresponding 2nd derivatives as a function of t and t/ τ respectively. The later shows that the ratio ttp/ τ is almost independent of the external bias.
properties of a translocating chain. First we showed that the MFPT increases for a stiffer chain and argued that this is primarily due to chain elongation. We have also observed that MFPT for different chain stiffness satisfies
, where ǫ b is the bond energy corresponding to a stiffness κ b and therefore, is a function of the chain persistence length l p . The other significant outcome of these studies is to validate the physical picture of TP using computer simulation data. The TP theory for driven polymer translocation captured the nonequlibrium aspects of driven translocation; however it was soon found that modification and extension of the TP theory for a finite chain is essential to rationalize a large set of not only simulation data but for correct interpretation of experimental data. An immediate consequence of finite chain effect is the TP time t tp which we have seen introduces a nonmonotonic time dependent drag force as have been demonstrated in BDTP simulation studies. However, the BDTP formalism does not involve a coarse-grained bead-spring chain as used in here. By directly monitoring the time dependence of the last monomer we calculated this TP time t tp and validated the consequence of TP by showing that at t tp the waiting time distribution of the corresponding monomer is indeed maximum. We have also shown that scaling of τ ∼ F −1 implies that the ratio t tp / τ is independent of F for a given chain length N and bending constant κ b .
Finally we would like to make some remarks about recent results for two dimensional semi-flexible chains [55] and show its relevance in the context of polymer translocation problem. Unlike 3D [56] , a semi-flexible chains in 2D do not have a Gaussian regime because of severe dominance of excluded volume (EV) effect in 2D [55] . In 2D a chain behaves like a rod for n = L/l p < 1 (L = (N − 1)b l , the contour length), however for larger L/l p > 1 it crosses over to an EV chain invalidating the well known KratkyPorod relation R 2 N = 2l p L{1 − 1 n [1 − exp(−n)]} [47] , which predicts Gaussian behavior R 2 N = 2l p L for large n. However, a 3D EV semi-flexible chain while crossing over from the rod to the EV chain for a limited range of n behaves like a Gaussian chain [56] . Therefore, in order to extract the translocation exponent for semi-flexible chains in 2D one has to first identify if the combinations (N, l p ) reside in the rod limit or EV limit. Only in either of these two limits correction scaling analysis for the translocation exponents for a semi-flexible chain will be useful to study effects of pore friction leading to an anomalous scaling exponent [24] . We have checked that the chain lengths and stiffness parameters considered in this paper lie in the crossover region [57] . Much longer chains are needed to extract the translocation exponent properly from the correction to scaling ansatz recently proposed by us [24] . These calculations are order of magnitude more extensive in computations; but when done the results can be used to interpret experimental data for polymer translocation through nanopores [57] . We hope our work will lead to future work in this direction.
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